to the movement of traffic units through the intersection (1) (e.g., rearend and sideswipe crashes). In some states, crash reports allow police officers in the field to code these as at-intersection or intersectionrelated for crash site location. The distance to which the safety influence area extends from the intersection depends on the intersection geometry design, traffic control, and operating features.
This concept of safety influence area is important for intersection crash data recording, maintenance, and safety analysis. For the purpose of systematic analysis, many states apply a distance from the center of an intersection to determine whether a crash was influenced by that intersection. For example, in the state of Florida, the 50-and 250-ft figures are default values for at-intersection and influencedby-intersection crashes, respectively. When the state of Indiana reports its 5% most hazardous intersections, the 250-ft criterion is used (2) . Some other states identify the safety influence area mainly by considering the effect of left-turn lanes. For channelized intersections in the state of Arizona, the junction area is defined as within 20 ft beyond the gore of islands, or the point at which the turn lane attains full width (3) .
The Crash Analysis Reporting (CAR) system maintained by the Florida Department of Transportation (FDOT) Safety Office is built so that the actual safety influence area used by the reporting and analysis programs for crashes at and influenced by intersections may vary per roadway category (with "category" a combination of highway type, number of lanes, divided or undivided, urban boundaries, and drainage type) per county and per district, at the discretion of the safety engineer for each district. But at this time the authors are not aware of anyone who has made use of this functionality, and the default values set in the system are used due to the lack of research addressing this issue.
Analysis of large amounts of data requires effective methods for proper selection of intersection-related crashes. Most previous studies selected a certain distance or radius to retrieve intersection-related crashes. However, the lack of uniformity is an important issue when data from more than one state is being analyzed. Many crashes may be left out due to a smaller scale length of influence area for large intersections; and the safety problem could be overestimated if a larger safety influence area is applied to smaller intersections. Crosschecking of the data needs to be performed, but that consumes a significant amount of research resources. An improved methodology is needed for better determination of a safety influence area for each intersection category that may be encountered in a safety study.
Identification of the intersection inside area is straightforward, and the crashes that occurred at the downstream approach are unlikely to be related to the intersection. The major problem is to decide the
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It is common in crash data recording and safety studies to designate crashes that occurred within a default radius from intersections as having occurred at or been influenced by intersections. The purpose of this study is to investigate thoroughly how intersection attributes affect this safety influence area and how the varied safety influence areas for intersection approaches improve safety analysis. First, a nationwide survey was conducted to review how police officers, crash records technicians, and state safety engineers identify intersection crashes. Data for a sample of 177 four-legged signalized intersections were collected from the state of Florida. On the basis of crash data and the approach features, the intersection's inside area (from the center to the stop bar, used to designate at-intersection crashes) and the safety influence area (measured upstream from the stop bar, used to designate intersection-related crashes) were explored by using classification trees. The research concluded that it is better to define at-intersection and intersection-related safety influence areas for each approach separately, and then to determine intersection influence area and size on the basis of approach features. Among the selected intersections, around 30% of the approaches had at least one intersection-related crash occurring beyond the physical boundary (left-turn lane), and these cases were examined. Test statistics showed that intersection-related crashes defined by a 250-ft boundary (the default used in many states) versus those defined by varied boundaries are significantly different. The approach-level intersection-related crashes were fitted by using the generalized estimating equations with a negative binomial. The significant factors identified were different for the models that used the fixed and the varied boundaries, and the model with varied influence areas had a better performance.
Signalized intersections are the most complex locations due to many potential conflicting movements and frequently changing traffic signals, and they are vital to the safety and efficiency of a roadway network. Traffic collisions may happen anywhere at an intersection. They may occur within the limits of the intersection (e.g., right-angle and left-turn crashes); they may occur on an approach to or exit from the intersection, resulting from an activity, behavior, or control related safety influence area of the upstream approach. In addition, different approaches of an intersection may have different influence areas. The major objective of this study is to investigate how the size of the intersection, length of the left-turn lane, through and left-turning traffic volumes, skewness, and other intersection-related features affect the approach upstream safety influence area. Instead of a single default value being provided for all intersections, as has been done in previous research, the varied influence areas were determined for different intersection approach groups. Models of approach-level crash frequencies were also fitted for intersection-related crashes with the fixed and the varied boundaries to test whether differences exist in the significant factors and the model performance.
LITERATURE REVIEW
Many previous studies applied a fixed influence distance for identifying intersection-related crashes. Lyon et al. (4) developed the safety performance functions for 1,950 urban signalized intersections in Toronto, Ontario, Canada. Collisions that fell within a 20-m (65.62-ft) radius from the center of the intersection were designated as intersection-related. In a safety evaluation of red-light cameras, Persaud et al. (5) analyzed crashes at 132 signalized intersections in several states. All the rear-end crashes reported within a 150-ft radius were considered intersection-related. Harwood et al. (6) included all intersection-related crashes within 250 ft of each intersection to evaluate the safety effects of providing left-and right-turn lanes for at-grade intersections. To investigate the effect of spatial variables on intersection crash occurrences, Mitra et al. (7 ) used intersection-related crashes, and the influence area of the intersection was defined as within 250 ft along any leg of the intersection (from the intersection center).
Several attempts were made to identify possible consequences of using a fixed intersection influence area for large heterogeneous groups. In a study comparing the safety performance of jug handle and conventional intersections, Jagannathan et al. (8) checked crash distribution along the approach of 50 conventional intersections. They found that for their data limiting the influence area to 300 ft would reduce 17.66% of crashes. From recognition of this problem, in several studies conducted in the state of Florida (9) (10) (11) (12) , the default value of 250 ft was used, but other factors (i.e., site location, first harmful event, and vehicle movement) were considered to improve the classification accuracy of the crash data related to intersections. Those crashes exceeding 250 ft but designated as intersection-related crashes by police officers were included. Stover (13) recommended the intersection upstream functional areas, mainly considering the approach speed. Cottrell and Mu (14) examined intersection safety along state roads in Utah; an intersection safety influence area based on the stopping sight distance for an average approach speed of 40 mph (around 500 ft) was chosen so as to capture most intersection-related crashes. They investigated the influence area of 35 hazardous intersections and found that a 100-ft radius was applicable to about 25 intersections and only two of the intersections appeared to have a 500-ft radius of influence area. The authors pointed out that the use of a large radius tended to overestimate the crash risk.
In a study of examining the relationship between crash count and traffic volume, Joksch and Kostyniuk (15) collected intersections from three states (Michigan, California, and Minnesota). For the selected intersections, the maximum length of the influence zone chosen was 350 ft and the minimum was 7 ft. They recognized that these values of the influence zones were defined by convention or judgment and not based on a specific function of intersection characteristics. In developing crash models for rural intersections in different states, Vogt (16) found that the lack of uniformity was an important issue when analyzing data from more than one state. In summary, few studies of intersection-related safety analyses devoted specific attention to the method of determining intersection safety influence area, and no study investigated safety influence area at the approach level.
STATE OF THE PRACTICE: INTERSECTION CRASH IDENTIFICATION AND CODING
A nationwide survey was conducted to review how police officers, crash records technicians, and state safety engineers identify intersection crashes. The questionnaire was sent by e-mail to crash records contacts and traffic safety engineers in 45 states and territories. The participants were asked to ascertain whether a fixed distance from the intersection is used to define intersection-related crashes in their jurisdictions and whether this distance is from the center, the physical edge, or from the stop bar. All participants were also asked to introduce the major factors in their crash database, if any, used to determine intersection-related crashes. Twenty-six states and two territories responded to the survey.
In general, different criteria are used to define intersection-related crashes, as summarized in Table 1 . Of the 28 respondents, 15 use distance as a criterion to identify intersection-related crashes. Among them, eight jurisdictions use a default distance as the absolute criterion, and others adjust their influence zones on the basis of traffic condition, size of the intersection, length of left-turn lane, and stopping sight distance (or speed limit). There is a large variance in the distances reported to define intersection influence area; for example, it is 150 ft in Iowa for its rural intersections, but it is 528 ft in Delaware. The response from Colorado explained why the 0.05-mi (264-ft) distance was chosen. It represents one-half of a typical urban block, which might help explain why 250 ft is commonly used. For those jurisdictions without a default distance, a crash is designated as intersection related if any vehicle involved in a crash was in the process of stopping, turning, slowing down, or making any other type of maneuver that was a result of the presence of an intersection.
For the major factors, there is a prevalent use for intersection crashes of site location to designate crashes that occurred at or were influenced by an intersection; however, many jurisdictions do not have a code for an intersection-related crash that might serve as a screening tool. They use a combination of first harmful event, collision type, vehicle maneuver, and the intersection-related code. Seven respondents indicated that their crash records offices examine every crash report and infer from an officer's narrative and crash diagram whether it is an intersection-related crash (i.e., Arkansas, Hawaii, Nebraska, Oklahoma, Oregon, Puerto Rico, and Texas).
DATA PREPARATION
A sample of 177 regular four-legged signalized intersections was selected from Orange and Hillsborough Counties in the central Florida area. Intersection geometry design features, traffic control and operational features, traffic flows, and crashes over the study period (2000 to 2005) were obtained for each intersection approach (i.e., 708 approaches).
Geometry design features for the intersection approaches include the number of through lanes, the number of left-turn lanes and whether those lanes were exclusive, the presence of a median, whether the intersection had exclusive right-turn lanes, the types of offsets (negative, zero, or positive) for the left-turn lanes, the direction of each intersection roadway, and the angle of intersecting roadways. Additional geometric data on the intersections' inside size (from the center to the stop bar) and length of right-and left-turn lanes for each approach were obtained through measurements from satellite imagery from Google Earth (17 ) . The length of a left-turn lane includes storage length, deceleration length, and approach end taper.
Traffic control and operational features were retrieved by inspecting signal plans provided by county traffic engineering departments. The speed limit, the types of left-turn control (permissive, compound, or protected), and the key factors for signal phases [i.e., yellow time and all-red time for through and left-turn (if protected) movements] were retrieved for each approach. The approach's daily turning movements were derived from the approach annual average daily traffic and the proportion of peak-hour turning movements for the approach.
The CAR system maintained by the FDOT Safety Office was used to retrieve the crash data for the selected intersections. There were a total of 13,218 crashes linked to the selected intersections over the 6-year period. The crash mile point, location distance to the middle of the intersection, site location (e.g., at intersection), the first harmful event (e.g., rear-end), the vehicle movement (e.g., going straight ahead, making left-turn), the direction of travel (e.g., west), and the contributing cause (e.g., failed to yield right-of-way, disregarded traffic signal) for both involved vehicles-drivers are stored in the crash database.
In the state of Florida, crashes within 50 ft of an intersection are classified as "at intersection;" when crashes are within 250 ft of an intersection and if they are attributed to the presence of intersections, the site locations are recorded as "influenced by intersection." The crash location distance is supposed to be measured from the center of the intersection, as shown in Figure 1 . However, in practice, when police officers determine the distance for a crash, they frequently measure from the stop bar rather than the center. For the selected intersections, there were 2,426 rear-end crashes that occurred right after the stop bar with a zero location distance and coded as "at intersection" for their site location. To be consistent, the location distances of these crashes should have added the front vehicle length and the inside intersection length, and the site location should have been corrected to "influenced by intersection." Among the total 13,218 crashes for the selected intersections, there were 2,276 crashes coded as "not at intersection" in the site location. The vehicle movements were checked for those crashes that occurred within the physical areas (1,626 crashes), and the crashes whose front vehicles were "slowing or stopped" right before the crashes due to traffic or red light were reclassified as "intersection-related crashes." For those crashes that occurred beyond the physical areas (650 crashes), the crash narrative and diagram in their crash reports were reviewed by logging onto the Hummingbird DM system maintained by the FDOT Safety Office. If the narrative for a crash contained a comment such as, "First vehicle slowed down and attempted to stop due to the change of traffic light (or already stopped), the driver of the following vehicle did not notice and struck the rear-end of the front vehicle" or "Driver did not notice the front traffic backed up due to traffic signal and hit the rear of the front car," it was reclassified as an "intersection-related crash." In summary, a total of 1,940 crashes were changed to "influenced by intersection" for their site locations, and the total number of intersection-related crashes increased to 9,082 for the selected intersections over the study period. They were assigned to their corresponding approaches on the basis of the moving direction of each vehicle.
INVESTIGATION OF SAFETY INFLUENCE AREA
Intersection safety influence area can be divided into inside area and intersection-related area. The decision tree method was applied to examine the size of the inside area and the farthest collision distance (considered as the real safety influence area) for each approach. The study investigated the causal factors of the crashes that occurred beyond the limit of left-turn lanes. 
INTERSECTION INSIDE SIZE AND DETERMINING FACTORS
Collisions that occurred at the inside of an intersection are classified as at-intersection crashes. In the state of Florida, the current default value for the inside size is 50 ft. For the selected intersection approaches, the minimum is 25 ft, the maximum 157 ft, and the average 72 ft. The decision tree method involves splitting the data into branches on a tree diagram on the basis of the given information. The resultant model can be expressed as a hierarchical tree structure. One of the most important benefits of this type of model is that it does not require any assumptions or knowledge of the population's functional form in advance. Enterprise Miner 5.1, developed by SAS (18) , was applied to perform the analysis. The number of lanes of the nearside intersecting approach (e.g., the southbound if based on the eastbound as shown in Figure 1) , angle of the intersection (less than or equal to 90°), and roadway types (state road or not) were identified to be significant as shown in Figure 2 . This decision tree diagram has four levels. The significant factors were sorted on the basis of their relative importance: the number of lanes of the nearside intersecting approach (1.0000), angle of intersection (0.3448), and state road (0.2565). The first node showed the average of the inside size to be 72.06 ft. The approaches were split into two nodes on the basis of the number of lanes. The averages were 62.5 ft and 82.7 ft for number of lanes equal to one, two, or three and equal to four, six, six, or seven, respectively. The angle of the intersection affected the size of the intersection, especially when the number of lanes was larger than three. In summary, this decision tree classified inside intersection size into seven groups on the basis of the number of lanes of the nearside intersecting approach, angle of intersection, and state road designation. Figure 3 presents the number of intersection-related crashes according to their location distances from the center of the intersections. In Florida, police officers usually measure the crash distance from the stop bar, which is mentioned in the survey and confirmed by reviewing the crash reports. Among all 9,082 intersection-related crashes, 7,758 (85.42%) occurred within 250 ft of the center, and 1,325 (14.58%) had location distances larger than 250 ft.
DISTRIBUTION OF REAL SAFETY INFLUENCE AREA AND DETERMINING FACTORS
The location distance of the farthest collision for each approach can be considered as the real safety influence area. Among 623 approaches of the selected intersections with intersection-related crashes, in 53.45% of them, the farthest crash occurred within 250 ft of the center, while 46.55% had the farthest crash beyond 250 ft, as shown in Figure 4 . These data suggest that the safety influence areas for these approaches should be larger than 250 ft. The distribution of intersection-related safety influence areas and determining factors were analyzed by using the decision tree, as shown in Figure 5 . In the decision tree analysis, the location distance was measured from the stop bar. Only the features of the targeted approach were identified as significant. The relative significances for the significant variables were through volume for the approach (1.0000), speed limit (0. 45  67  87  107  127  147  167  187  207  227  247  268  288  309  334  358  379  403  434  481  546  572  595  623  675 71  88  103  119  140  162  193  221  258  280  311  345  372  391  434  503  569  593  617  666  1072 Farthest Collision Distance (feet) Frequency 53.45% 46.55%
FIGURE 4 Number of farthest intersection-related crashes for selected intersections by location distance.
the approach were the most significant factor affecting intersection safety influence area.
COMPARISON OF FARTHEST COLLISION DISTANCE WITH PHYSICAL BOUNDARY
Some states determine safety influence area mainly by considering the length of the left-turn lane (e.g., Arizona); however, possibly due to congested traffic, the safety influence area of an intersection could extend beyond the boundaries of the physical area (right-and left-turn lanes) of an intersection. Among the selected intersections, 214 approaches had intersection-related crashes located outside the physical boundary. A binary logit model (1 if farthest collision located outside of the physical boundary, 0 otherwise) was fitted to explore how intersection attributes contributed to the farthest collision as shown in Table 2 . The model performed very well, with a percent concordant value 82.6%. The through movements for the approach were identified as significant to increasing the chance of having crashes outside the physical boundary (coefficient = 0.0318; p-value = .035), which is reasonable because more through movements are related to a In Florida, where dual turning lanes are used, the storage length is reduced to approximately half of that required for single-lane operation (19). Higher speed limit is associated with higher chances of having crashes occurring outside the physical boundary (coefficient = 0.05; p-value = .0034), which is consistent with the conclusion reached in a previous study that increasing speed limit will increase stopping sight distance, thus increasing the safety influence area (13) .
MODELING INTERSECTION-RELATED CRASHES
Total number of intersection-related crashes was 9,082; however, excluding those crashes that occurred outside 250 ft (of the center), the total number of crashes was 7,758. The differences of the crash frequencies for each approach (all intersection-related crash frequencies minus intersection-related crash frequencies within 250 ft) were checked, and they were not normally distributed (KolmogorovSmirnov D = 0.22899, p-value = .01). The Wilcoxon signed-rank test was conducted to determine whether the matched pairs of approach crashes were equal. The test statistics, z = 18.321 and p-value < .0001, indicated that they were significantly different.
To test whether there was a significant change in significant variables and model performance by using the current default influence distance (250 ft) versus varied boundaries, intersection-related approach crash frequencies were fitted. At the approach level, each intersection had four observations, and they were sorted sequentially as eastbound, southbound, westbound, and northbound. Negative binomial regression is a common tool for modeling cross-sectional count data like crash frequencies at signalized intersections. Basic count data models assume the dependent variables are independent. Dividing an intersection into approaches may produce site correlation among the data. Generalized estimating equations (GEEs) provide an extension of generalized linear models to the analysis of clustered data. The GEE was applied for approach-level right-angle and left-turn crash frequency analyses (20, 21) , which can account for the site correlation among the repeated observations from the same intersections. The GEE with negative binomial was applied in this study. Intersection traffic flows, geometric design features, and traffic control and operational features were explored for their safety effectiveness on intersection-related crash occurrences, as shown in Table 3 .
The unstructured correlation structure assumes different correlations between any two observations taken at the same intersection; it is the most general of the correlation structures and imposes no restrictions (22) . It was applied for the approach-level GEE model to account for site correlation. The GEE estimates are obtained when a quasilikelihood technique is used; therefore, the goodness-of-fit tests for the traditional negative binomial regression are not valid for the GEE negative binomial. The models' overall performances were tested by the cumulative residuals method (23) . The larger p-value indicates that the null distribution in a Kolmogorov-type supremum test is not violated. As shown in Table 3 , the GEE model with an unstructured The factor for the number of left-turn lanes (more than one versus zero) was marginally significant in the GEE model with the unstructured structure for intersection-related crashes with varied boundaries; however, it was not significant for the model that used a 250-ft fixed boundary. Intersection-related crashes were mostly rear-end and sideswipe collisions, 80.15% and 8.89%, respectively. The approach through and right-and left-turn movements were highly significant in affecting intersection-related crashes ( p-value ≤ .0001). The positive coefficients indicate that the higher the traffic volumes are, the larger the number of these crashes will occur, which is consistent with previous studies (24). Higher speed limit was associated with more intersection-related crashes (coefficient = 0.0147). However, signal coordination and left-turn protection did not reduce intersection-related crashes as they were expected to do. The safety advantage of left-turn protection is to reduce the frequency and severity of certain types of crashes (e.g., right-angle, turning, and pedestrian or bicycle, which tend to be severe); in contrast, the disadvantage is that left protection might cause an increase in rear-end crashes, which tend to be nonsevere (24) . Given the negative effect of signal spacing and the positive effect of signal coordination on intersection safety identified in previous studies (9, 11, 25) , and the highly correlated nature of the two factors, further analysis and data collection are needed to account for both signal coordination and signal spacing so as to reach a more conclusive result about the safety effectiveness of signal coordination.
SUMMARY AND DISCUSSION
This concept of safety influence area is important for crash data recording and safety analysis of signalized intersections. The nationwide survey shows that many states apply a default distance as a radius for classifying crashes that occurred within this area as intersection related. It is common that previous intersection safety studies applied this criterion to select intersection-related crashes. However, the values of the influence zones were mostly defined by convention or judgment and not based on a specific function of other intersection characteristics (15) . Few studies have devoted specific attention to the method of determining intersection safety influence area, and no study has investigated safety influence area at the approach level. This study investigated the safety influence area thoroughly and examined the factors affecting its distribution for intersection approaches.
A massive data collection effort has been completed, which included collecting information on intersection approach geometric design features, traffic control and operational features, traffic volume (including turning movements), and crash data for 177 regular four-legged signalized intersections. Right-and left-turn lanes are the major components of intersections, and their lengths were measured. Crash data are inconsistent due to differences in crash reporting practices. For example, the mile point for the intersection is supposed to be the center of the intersection, while police officers frequently measure crash location distance from the stop bar rather than the center. A crash should be designated as intersection related if any vehicle involved in a crash was in the process of stopping, turning, slowing down, or making any other type of maneuver that was a result of the presence of an intersection. However, many of these crashes were coded as not at intersection in the crash data. The police reports were reviewed to correct this inconsistency in crash location distance and site location.
On the basis of crash data and the approach features, the intersection inside area and the safety influence area were explored through the classification tree method. Results showed that the inside area was mainly influenced by the intersecting roadway-the number of lanes of the nearside intersecting approach and the angle of intersection. However, the approach upstream safety influence area was mainly affected by the attributes of that approach: approach through-volume, speed limit, jurisdictions, number of right-turn lanes, and approach left-turn protection. Because the factors affecting the inside area and the intersection-related area are different, and different approaches of a certain intersection usually have varied attributes, the research concluded that it is better to define "at intersection" and "intersectionrelated" safety influence areas for each approach separately, and then to determine the size of the safety influence areas on the basis of identified significant variables.
Moreover, the study examined how the varied safety influence areas affect the results of intersection safety analysis. The test statistics showed that intersection-related crashes decided by a 250-ft boundary and by the varied boundaries were significantly different for the selected intersections. Then the approach-level intersectionrelated crashes were fitted through GEEs with negative binomial. The significant factors identified were different for the fixed and the varied boundaries, and the model with varied influence areas had a better performance, which confirmed that varied influence areas should be applied when heterogeneous groups of intersections are analyzed.
